Abstract: Mealybug wilt of pineapple (MWP) is a disease of pineapple that has a long history in Hawaii, but is present throughout the world where pineapples are grown in tropical regions. The disease has an interesting etiology that is poorly understood but involves an association with virus particles, mealybug vectors, and ants which spread the mealybug vectors. Several distinct pineapple mealybug wilt-associated virus (PMWaV) species have been identified thus far with potential further member species yet to be characterized. Pineapple mealybug wilt-associated viruses are member species of the Ampelovirus genus of the Closteroviridae family. Ampeloviruses are split into two subgroups, subgroup I and subgroup II. PMWaV-2 is a subgroup II member, and these have a longer and more complex genome with additional genes on the 3' terminus of the RNA genome compared to subgroup I ampeloviruses. PMWaV-2, along with the presence of mealybug vectors, have been shown to be necessary factors in symptom development in Hawaii. Some of these extra genes in the 3' of PMWaV-2 have recently been shown to function as silencing suppressors, and may play a role in the virulence of PMWaV-2 and symptom development. In other regions of the world, reports of symptomatic plants without PMWaV-2 infection, but with PMWaV-1, -3 or some combination, contradict the requirement of PMWaV-2 for symptom development in MWP. It is possible that further, uncharacterized PMWaVs may be present in symptomatic pineapple plants that test negative for PMWaV-2, explaining the inconsistency in symptom development. More research is necessary to explore the confusing etiology of the MWP disease, and to perhaps shed light upon the symptom development.
Etiology of MWP

Association of Mealybug Vectors to MWP
Originally, all members of the pineapple mealybug complex were considered a single-species Dysmicoccus brevipes [17] , formerly named Pseudococcus brevipes [10, 18] . D. brevipes was first documented from Hawaii in 1910 where it was a pest in pineapple cultivation. MWP has been only reported from areas of the world where members of the D. brevipes species complex occur [19, 20] . Historically, D. brevipes was differentiated into those that caused green spots because of mealybug feeding, and non-green-spotting forms [10, 13, 21, 22] . Carter [21] demonstrated that the green-spotting form could exhibit this characteristic, whereas the non-spotting form failed to do so even if they had fed on green spots. These two forms were eventually separated into two species: D. brevipes, the nongreen spotting ones known as the pink pineapple mealybug; and D. neobrevipes, those that produce green spots, known as the gray pineapple mealybug [19] (Figure 2 ). The wilt problem became so serious in Hawaii that by the 1930s, the industry undertook major efforts to grow pineapple varieties, especially "Smooth Cayenne", in other countries [3] . Efforts to breed cultivars of "Smooth Cayenne" resistant to mealybug wilt were not successful [15] , and resistant cultivars have never been developed [16] .
Etiology of MWP
Association of Mealybug Vectors to MWP
Originally, all members of the pineapple mealybug complex were considered a single-species Dysmicoccus brevipes [17] , formerly named Pseudococcus brevipes [10, 18] . D. brevipes was first documented from Hawaii in 1910 where it was a pest in pineapple cultivation. MWP has been only reported from areas of the world where members of the D. brevipes species complex occur [19, 20] . Historically, D. brevipes was differentiated into those that caused green spots because of mealybug feeding, and non-green-spotting forms [10, 13, 21, 22] . Carter [21] demonstrated that the green-spotting form could exhibit this characteristic, whereas the non-spotting form failed to do so even if they had fed on green spots. These two forms were eventually separated into two species: D. brevipes, the non-green spotting ones known as the pink pineapple mealybug; and D. neobrevipes, those that produce green spots, known as the gray pineapple mealybug [19] (Figure 2 ). 
Association of Ants to Mealybugs and MWP
Carter first observed the correlation between ants, mealybugs, and MWP even before the virus was implicated in the disease etiology [29] . In the field, ants play a key role in dispersing mealybugs from alternate hosts or older pineapples to newer plantings of pineapple. The mutualistic relationship ( Figure 3 ) of ants offering protection to mealybugs against their natural enemies in return for honeydew rich in amino acids and sugars secreted by mealybugs is common in many different species of ants [30] . The ants most commonly associated with pineapple mealybugs throughout the world are the Pheidole and Solenopsis species. In Hawaii, the big-headed ant (Pheidole megacephala) is the dominant ant species associated with pink and gray pineapple mealybugs [8, [31] [32] [33] [34] . P. megacephala is present throughout the tropical regions of the world. A direct relationship between high incidences of MWP and high populations of mealybugs capable of transmitting PMWaVs was shown by Sether [35, 36] .
Control of the ants protecting the mealybug colonies is the predominant means for checking the wilt [37] . In Hawaii, it was shown that if ants are controlled, predators keep mealybugs under control [38] . The association of wilt, mealybugs, and ants was first proposed in 1925 [8] when a relationship was noticed between controlling ants, which protect the mealybugs, and the reduction of severity of MWP disease incidence. Illingworth later showed the direct relationship between MWP and mealybugs [39] .
Field studies later supported the association between mealybugs and wilt in major pineapplegrowing regions of the world. Carter [10, 25] proposed a hypothesis that mealybug wilt was a toxemia reaction (i.e., the saliva of mealybugs is toxic to the plant) based on his observations of the correlation between large populations of actively feeding mealybugs on pineapple plants, the length of time spent feeding, and the subsequent onset of wilting symptoms. Later, this toxin hypothesis was modified, considering new experimental evidence that was inconsistent with the toxin hypothesis. In Hawaii, green spotting was only associated with the bi-parental nature (both males and females present) of D. neobrevipes, but not seen during feeding by D. brevipes that only occur as females in Hawaii. However, in Brazil, and elsewhere in the tropics of the world where bi-parental forms are present, green spotting was also found to be associated with D. brevipes [19, 23, 24] . This possibly suggests that the bi-parental form of the pink mealybug may be capable of producing green spots, whereas the uni-parental form present in Hawaii does not.
Although D. brevipes and D. neobrevipes are present in all pineapple-growing regions of the world, D. brevipes are more widely distributed than D. neobrevipes. It is believed that D. neobrevipes originated in South America. D. brevipes is distributed on almost all South Pacific islands, Micronesia, and southern Asia, as well as Central and South America.
There are many differences between D. neobrevipesis and D. brevipes, in terms of their biology, host preferences, feeding behaviors, and their associated internal symbionts [14, 18, 19, 25] . D. neobrevipesis is generally found on the aerial portions of pineapple, including fruits and flowers, and occasionally inside blossoms [19, 24] , whereas D. brevipes generally feeds at the base of the leaves, stems, roots, and crowns, sometimes underground [19, 26] . Interestingly, in the absence of D. neobrevipes, D. brevipes may occur on aerial parts of the plant [27] . The developmental stages of the two pineapple mealybugs are similar [18] , with females having three larval instars prior to the adult stage. The lifespan of D. neobrevipes ranges from 78 to 111 days, and adults produce an average of 346 first instar crawlers [18] . Males live from 31 to 47 days, and have four larval instars. Sexual differentiation takes place in the second instar. The first two instars feed actively, and by the end of the second instar phase, the insect spins a cocoon around itself in which the second, third, and fourth molting occurs. The fully-differentiated emerging males survive for only a few days [18] . In comparison, females of the pink mealybug (D. brevipes) have a life span of 59-117 days [18] and can bear up to 234 crawlers.
D. neobrevipes has a limited host range and can survive on agave (Agave sisalana), red ginger (Alpinia purpurata), koa (Acacia koa), klu (Acacia farnesiana), screw pine (Pandanas spp.), milo (Thespesia populnea), prickly pear cactus (Opuntia megacantha), and monkeypod (Samanea saman), in addition to pineapple. In contrast, D. brevipes has a very wide host range and can survive on plants from many families, including the Bromeliaceae, Umbelliferaceae, Cannaceae, Malvaceae, Euphorbiaceae, Fabaceae, Musaceae, Orchidaceae, Poaceae, and Portulacaceae.
Another less common mealybug species, the long-tailed Pseudococcus longispinus, is occasionally seen in pineapple fields, and has also been found to be associated with mealybug wilt [9] . However, in earlier experiments by Carter, no clear association with MWP was found in the field, but this species was able to induce MWP symptoms in the laboratory [14, 28] . Pseudococcus longispinus is common in greenhouses and can survive well in the absence of ants [8] . In contrast to D. neobrevipes and D. brevipes, P. longispinus is oviparous. Females have four instars, and males have five [26] . Other mealybug species, such as the pink sugarcane mealybug Saccharicoccus sacchari, are also present in pineapple fields, but not considered important because they only occur sporadically and in low numbers [14] .
All species of mealybugs prefer young succulent plants, and in fields where both young and old pineapple are present. Most mealybug colonies congregate on young tender plants, although populations can still be found on older plants. Before the pineapple inflorescence forms, mealybugs feed on the tender central leaves, but after the formation of fruit, they colonize the fruit and crown areas [21] . Once established on fruit and crowns, their populations expand rapidly because of the greater shelter and protection they receive from predators. Mealybugs do not survive well when infested propagation material is planted in new fields, either because of the failure of ants to establish in these new areas, or because of increased predation or parasitization [12, 21] . In the advanced stages of MWP, mealybug colonies abandon the pineapple plants [21] . This may be due to fewer ants tending the mealybug colonies in response to the reducing secretion of honeydew by mealybugs on the dying plants.
Carter first observed the correlation between ants, mealybugs, and MWP even before the virus was implicated in the disease etiology [29] . In the field, ants play a key role in dispersing mealybugs from alternate hosts or older pineapples to newer plantings of pineapple. The mutualistic relationship (Figure 3 ) of ants offering protection to mealybugs against their natural enemies in return for honeydew rich in amino acids and sugars secreted by mealybugs is common in many different species of ants [30] . The ants most commonly associated with pineapple mealybugs throughout the world are the Pheidole and Solenopsis species. In Hawaii, the big-headed ant (Pheidole megacephala) is the dominant ant species associated with pink and gray pineapple mealybugs [8, [31] [32] [33] [34] . P. megacephala is present throughout the tropical regions of the world. A direct relationship between high incidences of MWP and high populations of mealybugs capable of transmitting PMWaVs was shown by Sether [35, 36] . 
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Field studies later supported the association between mealybugs and wilt in major pineapplegrowing regions of the world. Carter [10, 25] proposed a hypothesis that mealybug wilt was a toxemia reaction (i.e., the saliva of mealybugs is toxic to the plant) based on his observations of the correlation between large populations of actively feeding mealybugs on pineapple plants, the length of time spent feeding, and the subsequent onset of wilting symptoms. Later, this toxin hypothesis was modified, considering new experimental evidence that was inconsistent with the toxin hypothesis. Control of the ants protecting the mealybug colonies is the predominant means for checking the wilt [37] . In Hawaii, it was shown that if ants are controlled, predators keep mealybugs under control [38] . The association of wilt, mealybugs, and ants was first proposed in 1925 [8] when a relationship was noticed between controlling ants, which protect the mealybugs, and the reduction of severity of MWP disease incidence. Illingworth later showed the direct relationship between MWP and mealybugs [39] .
Field studies later supported the association between mealybugs and wilt in major pineapple-growing regions of the world. Carter [10, 25] proposed a hypothesis that mealybug wilt was a toxemia reaction (i.e., the saliva of mealybugs is toxic to the plant) based on his observations of the correlation between large populations of actively feeding mealybugs on pineapple plants, the length of time spent feeding, and the subsequent onset of wilting symptoms. Later, this toxin hypothesis was modified, considering new experimental evidence that was inconsistent with the toxin hypothesis.
Association of Viral Particles to MWP
The observation that exposure to large numbers of mealybugs did not always result in wilt symptoms, and that healthy plants became infected when mealybugs were transferred to them from symptomatic plants, strongly suggested the presence of a "transmissible factor" in MWP etiology [40, 41] . Based on those new findings, a working hypothesis was put forward, implicating a latent virus that could be transmitted to and which could multiply in vegetatively propagated pineapple plants [42] . It was Ito [43] who drew a clear conclusion of the virus' involvement from field experiments. He also noticed that plants that had recovered from MWP exhibited immunity to future disease. In cases where plants were incompletely protected, he presumed the involvement of different strains of the virus [43] . Unfortunately, serological techniques were not available at that time to confirm his hypothesis.
It took another two decades before various researchers were able to isolate long, flexuous, rod-shaped virus particles from MWP-symptomatic pineapple plants in Hawaii, Australia, and Cuba [44] [45] [46] [47] [48] [49] . Based on particle morphology and the presence of multiple, high molecular weight, double-stranded RNAs (dsRNAs) in MWP-symptomatic plants [46, 47, 50] , viruses were confirmed to be present in plants afflicted with MWP. The virus found was placed in the Closteroviridae family [44, 51, 52] . The virus, once named "pineapple closterovirus" (PC or PCV), was renamed as the "pineapple mealybug wilt-associated virus" (PMWaV) [47, 49, 50] . PMWaV is a currently recognized as a complex of viruses belonging to three recognized species, designated as Pineapple mealybug-wilt associated virus 1 (PMWaV-1), PMWaV-2, PMWaV-3, and the putative PMWaV-4 and PMWaV-5. Following the convention used for the Grapevine leaf roll-associated viruses [51, [53] [54] [55] [56] [57] the PMWaVs were placed in the genus Ampelovirus [58] . The other genera in the family Closteroviridae are Closterovirus, Crinivirus, and Velarivirus [59] . These genera are differentiated based on virion morphologies, genome organization, and vector-transmission properties. It was also suggested that the genus Ampelovirus be further divided into two clades, based on the difference in phylogeny and genome organization between GLRaV-3 (type member of genus Ampelovirus), to which PMWaV-2 is closely related, and other Ampeloviruses, including PMWaV-1 and PMWaV-3 [55, 57] . The identification of more than four related but genetically distinct viruses in pineapple is similar to Grapevine leaf roll-associated viruses identified in grape vines.
Transmission and Interaction of PMWaVs
The development of monoclonal antibodies (MAbs) for PMWaV-1 [50] and PMWaV-2 [56] and the use of these antibodies in tissue-blot immunoassays (TBIAs) and immunosorbent electron microscopy (ISEM) made the accurate assessment of PMWaV infection in plants possible (Figure 4 ) [49] . The later development of reliable and sensitive reverse-transcription PCR (RT-PCR) assays allowed for further evaluation of the ability of mealybugs to acquire and transmit PMWaV from diseased to healthy plants. Using these assays, PMWaVs were readily detected in mealybugs collected from MWP-afflicted pineapple plants, but were absent in mealybugs reared on squash [50] . Moreover, MWP-symptomatic pineapple plants were shown to have consistently higher PMWaV infection rates than asymptomatic plants [49] . This consistent association of PMWaVs with wilting symptoms reinforced the earlier latent factor hypothesis and pointed to a virus as being the cause of MWP.
However, the etiology was complicated by several other factors. First, the expression of wilting symptoms was found to be variable and linked to many factors, including environmental conditions, mealybug populations, and pineapple genotype [12, 22] . Secondly, some plants could remain asymptomatic even though they were infected with PMWaVs [49, 50, 60] .
on the hybrid, the origin of planting materials, and growing locations. Similar studies by Australian workers did not show any clear association of PMWaV-1, PMWaV-2, or PMWaV-3 with MWP disease in Australia. Furthermore, PMWaV-2 was not found to be common in Australian plantings, and dual infections with PMWaV-1 and -3 or single infections with PMWaV-3 were found to be correlated with MWP symptom development. A new species (PMWaV-5) that is most closely related to PMWaV-1 has also been found in Australia, but it has not been shown to induce MWP symptoms [53] . PMWaV-free plant exposed to mealybugs; PMWaV-1 and PMWaV-2 infected plant not exposed to mealybugs; PMWaV-2-infected plant not exposed to mealybug, and PMWaV-2 infected plant exposed to mealybug feedings.
Detection of PMWaVs
In the field of plant pathology, it cannot be over-emphasized how our growing knowledge of diseases is parallel to the advancement of technologies. MWP provides a case study in which our current understanding of the disease has advanced with the technologies available at any given time. In the early 60s, circumstantial evidence implicated a virus in MWP etiology, but this could not be proven until the advent of electron microscopy. In the 1990s, it was the development of serological techniques that greatly advanced our knowledge of the virus association and distributions in the field. The robustness of the specific monoclonal antibodies developed against PMWaV-1 and -2 enabled rapid screening of thousands of pineapple plants growing worldwide. The low titers of Figure 4 . (A) Virus particles of PMWaV-2 decorated by PMWaV-2-specific monoclonal antibodies (MAbs) observed under electron microscopy; (B) particles of PMWaV-2 from a mealybug wilt of pineapple (MWP) symptomatic plant; (C) typical symptoms of mealybug wilt disease are expressed only in the plant with PMWaV-2 and mealybug exposure, while others appear to be healthy. Left to Right: PMWaV-free plant exposed to mealybugs; PMWaV-1 and PMWaV-2 infected plant not exposed to mealybugs; PMWaV-2-infected plant not exposed to mealybug, and PMWaV-2 infected plant exposed to mealybug feedings.
Findings by Sether et al. [35, 61, 62] suggest the involvement of only one member of the PMWaV family (PMWaV-2), together with active mealybug feeding, for MWP to develop. Neither factor alone without the other could cause the wilting symptoms to develop (Figure 4 ). These authors also showed that all pineapple plants with MWP symptoms had PMWaV-2 infections, but infections with PMWaV-1 or PMWaV-3 were not correlated with MWP symptom development [49, 62] . In the same study, it was shown that PMWaV-1, PMWaV-2, and PMWaV-3 could all be transmitted by two pineapple mealybug species, D. brevipes and D. neobrevipes [35, 36, 54, [63] [64] [65] . The correlation between infection with PMWaV-2, active mealybug feeding, and MWP symptoms suggests that some component of insect origin or possibly from an endogenous microbe present within the insect, is introduced into the plant together with PMWaV-2 during mealybug feeding.
The occurrence and levels of all PMWaVs in infected pineapple were also found to differ depending on the hybrid, the origin of planting materials, and growing locations. Similar studies by Australian workers did not show any clear association of PMWaV-1, PMWaV-2, or PMWaV-3 with MWP disease in Australia. Furthermore, PMWaV-2 was not found to be common in Australian plantings, and dual infections with PMWaV-1 and -3 or single infections with PMWaV-3 were found to be correlated with MWP symptom development. A new species (PMWaV-5) that is most closely related to PMWaV-1 has also been found in Australia, but it has not been shown to induce MWP symptoms [53] .
In the field of plant pathology, it cannot be over-emphasized how our growing knowledge of diseases is parallel to the advancement of technologies. MWP provides a case study in which our current understanding of the disease has advanced with the technologies available at any given time. In the early 60s, circumstantial evidence implicated a virus in MWP etiology, but this could not be proven until the advent of electron microscopy. In the 1990s, it was the development of serological techniques that greatly advanced our knowledge of the virus association and distributions in the field. The robustness of the specific monoclonal antibodies developed against PMWaV-1 and -2 enabled rapid screening of thousands of pineapple plants growing worldwide. The low titers of PMWaVs in plants and its presence in asymptomatic plants warranted the development of very specific Reverse Transcription-PCR (RT-PCR) detection techniques in the 1980s. RT-PCR, together with serology-based techniques, enabled the development of robust detection systems that allowed for screening of large numbers of pineapple samples. Furthermore, samples which gave equivocal results using ELISA (Enzyme Linked Immunosorbent Assay) or TBIA (Tissue Blot Immunoassay) assays could be verified with RT-PCR. More recently, the development of quantitative (real-time) PCR assays allowed for accurate quantification of PMWaV-2 titers in different parts of plants.
TBIA has been shown to be very practical for large-scale screening of PMWaVs, allowing the processing of hundreds of samples directly in the field with minimal preparation. TIBA membranes can be prepared and blotted in the field, and can then be shipped to a laboratory for testing instead of transporting infected planting material itself for testing, thereby avoiding quarantine-related problems. A potential shortcoming of TBIA is its inability to reliably detect infection when virus titers are low.
Techniques such as loop-mediated isothermal amplification (LAMP) could also be useful [66] . In addition to its ability to directly detect PMWaVs in the field, it also has much higher sensitivity than TBIA. Recently, a complete "lab on a chip" has been developed for the rapid detection of PMWaVs. This chip completes RNA extraction, reverse-transcription, and fluorescence detection by PCR at isothermal temperatures in under 40 min, with a sensitivity threshold of 50 DNA copies/reaction. However, the cost of applying this technique to large-scale screenings may be a prohibitive [67] . A simple colorimetric technique using gold nanoparticles in LAMP reactions to detect PMWaV-1 and PMWaV-2 has also been developed, which takes 40 min to complete and has a detection limit of 10 copies of viral DNA. Another novel technique, single-tube dual primer-PCR (STDP-PCR) using nested PCR primers has been developed that can detect very low titers of PMWaV-2 that are below the levels detected with RT-PCR [68] .
In recent surveys for PMWaVs in Hawaii and Australia, two new strains of PMWaVs, namely PMWaV-3 and PMWaV-5, have been identified, suggesting the possibility of more diverse PMWaVs in pineapple that the degenerate PCR primers currently available cannot detect. Double-stranded RNA (dsRNA) analysis is more likely to identify other positive-sense RNA viruses present in pineapple tissues, but very low titer viruses may not be identified by this approach. The fact that pineapple plants have been identified that are infected with badnaviruses and other pararetoviruses, and may be infected with other unknown viruses, calls for a metagenomic analysis of pineapple. This approach has been shown to be able to identify the whole viral complement present in plants [69, 70] . Next-generation sequencing (NGS) is finding greater use for identifying diseases of unknown etiology. Coetzee [71] used NGS to create a whole viral profile in diseased vineyards, and identified a new GLRaV-3 variant not previously known. Although the cost of NGS is dropping, it has not yet become useful for routine diagnoses. However, it is a very powerful tool that can reveal the identities of the virus(s) present and may help in the process of elucidating the etiology of diseases where a complex of viruses, such as GLRaVs and PMWaVs, may be involved. to PMWaV-1 (NC_010178.1), and 66% nt and 65% aa (RdRp), 63% (HSP70), 57% (p6) similarity to PMWaV-3 (DQ399259.2). Based on the revised species demarcation criteria for Ampeloviruses, and due to the limited sequence information available, we cannot confidently conclude that PMWaV-5 is a distinct species from the other recognized PMWaV-type members. 
Phylogenetic Analysis of PMWaV Members
Based on phylogenetic analysis, PMWaV-1, PMWaV-3, PMWaV-4, Plum bark necrosis stem pitting-associated virus (PBNSPaV), and some GLRaVs belong to a distinct clade (Subgroup II) within the genus Ampelovirus ( Figure 6 ) [55, 57, 69, 70] . Phylogenetic analysis establishes that the PMWaVs are more closely related to other mealybug-transmitted viruses than to either aphid-or whiteflytransmitted closteroviruses [56] . PMWaV-2 shares the greatest sequence identity with the mealybugtransmitted Grapevine leafroll-associated virus-3 (GLRaV-3); amino acid identities between PMWaV-2 and GLRaV-3 are 47.5, 51.2, 47.0, 30.1, 42.2, and 30.5% for the helicase, RdRp, HSP70, p46, CP, and CPd, respectively [56] . Sequence homology between PMWaV-3, PMWaV-1, and PMWaV-2 decreases across the HSP-70 homolog, small hydrophobic protein, and RNA-dependent RNA polymerase open reading frames (ORF). PMWaV-3 cannot be detected using monoclonal antibodies specific for PMWaV-1 or PMWaV-2. PMWaV-1, -2, and -3 can all be transmitted by the pink pineapple mealybug, D. brevipes, and the grey pineapple mealybug, D. neobrevipes [35, 36, 54, 69] . Primarily based on their mealybug transmissibility, PMWaV-1, PMWaV-2, and tentatively, PMWaV-3 have been placed in the Ampelovirus genus [58] .
Multi-loci analysis was done using a concatenated amino acid sequence of the RNA-dependent RNA polymerase (RdRp), heat-shock protein 70 homolog (HSP70h), and coat protein (CP) genes of the putative pineapple mealybug wilt-associated virus-4 (PMWaV-4) in relation to ampelovirus member species. The multi-loci analysis resulted in a phylogenetic tree constructed using the Maximum Likelihood method based on the Le Gascuel model. The tree was drawn to scale, branch 
PMWaV-1 and -3
The complete genome of PMWaV-1 and partial genome of PMWaV-3 have been sequenced (PMWaV-1, AF414119; PMWaV-3, DQ399259). PMWaV-1 and -3 both have seven open reading frames, but PMWaV-1 lacks the intergenic region that occurs between RdRp and p6 ORFs in PMWaV-3, and the CPd ORF [57] . The PMWaV-3 genome sequence encompasses 11891 nt, and encodes seven ORFs and the untranslatable region at the 3'-end [55, 68] . PMWaV-3 lacks an intergenic region between ORFlb and ORF2 that is present in PMWaV-2, and encodes a 28.8 kDa coat protein but lacks the coat protein duplicate (CPd) found in PMWaV-2. (Figure 5 ) PMWaV-3 shares amino-acid identity with PMWaV-1 of 63.9%, 72.5%, and 79.2% for the RNA-dependent RNA polymerase, small hydrophobic protein, and HSP-70-homolog ORFs, respectively.
Putative PMWaV-4
In the past, a TBIA [50, 62] using monoclonal antibodies (MAb) specific to PMWaV-1 or PMWaV-2 was used for virus detection when screening pineapple; if the TBIA was negative for PMWaV-1 or 2, then Ampelovirus degenerate HSP70 primers were used to investigate the potential of novel PMWaVs other than PMWaV-1 or PMWaV-2 underlying the discovery of PMWaV-3 and the putative PMWaV-4.
The sequenced HSP70 gene of the putative PMWaV-4 has a 74% nt and 87% aa similarity to PMWaV-1 [55] . However, at the time, the criteria for species demarcation for inclusion in the Ampelovirus genus was 10% similarity of the amino acid sequence (RdRp, HSP70 and CP) indicating a possible new fourth species of PMWaV. The amino acid sequence similarity from recent NGS data of PMWaV-4 compared to PMWaV-1 (AF414119) is 89% for the RdRp, 87% for HSP70, and 85% for the CP, and based on the additional data generated from this study, we can now confirm that the putative PMWaV-4 is a strain of PMWaV-1 and not a separate species [72] . Additionally, it was reported in China that the PMWaV-1 isolate Hainan (PMWaV-1 HN) has an additional 72 bp in the 3' of the HSP70 gene compared to other PMWaV-1 isolates. The additional sequence on PMWaV-1 HN encodes an aa residue of "ETGLLTLGRQQREIIYKRHGFESN", and interestingly has a 65% similarity to that of the 3' end of the PMWaV-4 HSP70 gene, which has the same increased length of coding region [73] .
Further, the antibodies developed for a TBIA [50] to detect PMWaV-1 and PMWaV-2 were used to test if PMWaV-4 (now known to be a strain of PMWaV-1-not a distinct species) could be detected; the MAb developed to detect PMWaV-1 were unable to detect the PMWaV-4 strain of PMWaV-1.
Putative PMWaV-5
In Australia, a putative fifth PMWaV, PMWaV-5, was reported in 2008 by Gambley [53] , prior to the revised Ampelovirus species demarcation criteria by Martelli [74] in 2012. This fifth PMWaV was detected in 42 separate plants from 4 separate locations in symptomless and symptomatic plants. Only four sequences of the putative PMWaV-5 were reported, comprising of partial coding sequences (CDS) for the HEL, RdRp, p6, and HSP70 genes ( Figure 5 ). PMWaV-5 is grouped into subgroup II of Ampeloviruses, as it shows a higher level of sequence homology to PMWaV-1, PMWaV-3, and other members of subgroup II than the subgroup I members. A 546 bp partial CDS of the HSP70 gene of PMWaV-5 (EF488753.1) shares 69% nt and 72% aa similarity to PMWaV-1 (NC_010178.1), and 66% nt and 67% aa similarity to PMWaV-3 (DQ399259.2). A 1546 bp partial CDS of the HEL and RdRp genes of PMWaV-5 (EF467922.1) shares 68% nt and 72% aa (RdRp), 64% aa (HEL) similarity to PMWaV-1 (NC_010178.1), and 67% nt and 67% aa (RdRp), 71% aa (HEL) similarity to PMWaV-3 (DQ399259.2). A 551 bp partial CDS of the HEL gene of PMWaV-5 (EF467921.1) shares 79% nt and 55% aa similarity to PMWaV-1 (NC_010178.1), and 79% nt and 53% aa similarity to PMWaV-3 (DQ399259.2). A 1751 bp partial CDS of the RdRp and HSP70 and a complete CDS of the p6genes of PMWaV-5 (EF467920.1) shares a 66% nt and 69% aa (RdRp), 69% aa (HSP70), 57% aa (p6) similarity to PMWaV-1 (NC_010178.1), and 66% nt and 65% aa (RdRp), 63% (HSP70), 57% (p6) similarity to PMWaV-3 (DQ399259.2). Based on the revised species demarcation criteria for Ampeloviruses, and due to the limited sequence information available, we cannot confidently conclude that PMWaV-5 is a distinct species from the other recognized PMWaV-type members.
Phylogenetic Analysis of PMWaV Members
Based on phylogenetic analysis, PMWaV-1, PMWaV-3, PMWaV-4, Plum bark necrosis stem pitting-associated virus (PBNSPaV), and some GLRaVs belong to a distinct clade (Subgroup II) within the genus Ampelovirus (Figure 6 ) [55, 57, 69, 70] . Phylogenetic analysis establishes that the PMWaVs are more closely related to other mealybug-transmitted viruses than to either aphid-or whitefly-transmitted closteroviruses [56] . PMWaV-2 shares the greatest sequence identity with the mealybug-transmitted Grapevine leafroll-associated virus-3 (GLRaV-3); amino acid identities between PMWaV-2 and GLRaV-3 are 47.5, 51.2, 47.0, 30.1, 42.2, and 30.5% for the helicase, RdRp, HSP70, p46, CP, and CPd, respectively [56] . Sequence homology between PMWaV-3, PMWaV-1, and PMWaV-2 decreases across the HSP-70 homolog, small hydrophobic protein, and RNA-dependent RNA polymerase open reading frames (ORF). PMWaV-3 cannot be detected using monoclonal antibodies specific for PMWaV-1 or PMWaV-2. PMWaV-1, -2, and -3 can all be transmitted by the pink pineapple mealybug, D. brevipes, and the grey pineapple mealybug, D. neobrevipes [35, 36, 54, 69] . Primarily based on their mealybug transmissibility, PMWaV-1, PMWaV-2, and tentatively, PMWaV-3 have been placed in the Ampelovirus genus [58] . 
Role of RNA-Silencing Suppressors in the Etiology of MWP
RNA silencing is generally recognized as the major anti-viral-defense response in plants [75] . It is generally recognized that almost all viruses encode proteins, which can function as a suppressor of gene silencing. In the case of viruses with long and complex genomes, as within the family Closteroviridae, the role of suppressor proteins was found to be even more critical in its life cycle. It was hypothesized that to have such a slow replication cycle in their host, the majority of such viruses employ some multi-component and/or multi-level counter-defense mechanisms to protect their degradation from attack by host RNA-silencing machinery [76] , as opposed to viruses with smaller genomes which can replicate faster and evade RNA silencing. The discovery that Citrus tristeza virus (CTV) encodes three suppressors, which operates both locally and systemically, explains how it switches from abundant expression of the local suppressor protein as it enters the host, trying to establish itself, to the expression of systemic suppressors, further enabling it to systemically move to distant tissues [77] . Similar multi-component silencing suppression has also been discovered in the Tomato chlorosis virus [78] and Sweet potato chlorotic stunt virus (SPCSV) [79] , all members of the family Closteroviridae. Screening the genomes of viruses in Closteroviridae have revealed that the majority of such proteins are located towards the 3' end of their genomes, all expressed via the nested set of the 3' coterminal subgenomic (sg) RNAs, another strategy for the abundant production of proteins.
It was therefore not surprising when multiple suppressors (two local suppressors, CP and p20, and three systemic suppressors, CPd, CP, p22, and p20) were identified in the genome of PMWaV-2 ( Figure 7) , suggesting that a similar multi-component silencing suppression strategy might be employed by this virus in this pathosystem [80] . Further analyses of the local suppressors have identified p20 and p22 of PMWaV-2 to be determinants of pathogenicity factors or virulence factors. Many viral encoded proteins that were initially identified as determinants of pathogenicity or virulence factors were later identified as suppressors of RNA silencing [81, 82] . In comparison, screening the PMWaV-1 genome showed only one protein, p61, with systemic silencing-suppressor activity [80] (Figure 7) .
The fact that PMWaV-2 is involved in MWP symptom induction, but not PMWaV-1 in the etiology of MWP [36] might be due to the local suppressor and pathogenicity factors identified in PMWaV-2 that are absent in PMWaV-1. The different silencing suppressors present in the genomes of PMWaV-2 and PMWaV-1 might also explain how viruses of perennial crops such as pineapple are susceptible to persistent viral infections that are not lethal to the host, whereas many viruses that encode strong suppressors and infect herbaceous hosts are often lethal. The absence of any local suppressor activity in PMWaV-1, which only encodes a single protein with systemic suppressor Multi-loci analysis was done using a concatenated amino acid sequence of the RNA-dependent RNA polymerase (RdRp), heat-shock protein 70 homolog (HSP70h), and coat protein (CP) genes of the putative pineapple mealybug wilt-associated virus-4 (PMWaV-4) in relation to ampelovirus member species. The multi-loci analysis resulted in a phylogenetic tree constructed using the Maximum Likelihood method based on the Le Gascuel model. The tree was drawn to scale, branch lengths were measured in the number of substitutions per site, and there was a total of 1159 positions in the final dataset. The sequences of the following viruses were retrieved from GenBank and included in the analysis: Blackberry vein banding-associated virus (KC904540), Grapevine leafroll-associated virus-1 (GLRaV-1, JQ023131), GLRaV-3 (AF037268), GLRaV-4 (ACS44657), GLRaV-13 (LC052212), Little cherry virus 2 (LChV-2, AF531505), Plum bark necrosis stem pitting-associated virus (PBNSPaV, EF546442), PMWaV-1 (AF414119), PMWaV-2 (AF283103), PMWaV-3 (DQ399259), and the closterovirus type member Beet yellow virus (AAF14300).
It was therefore not surprising when multiple suppressors (two local suppressors, CP and p20, and three systemic suppressors, CPd, CP, p22, and p20) were identified in the genome of PMWaV-2 (Figure 7) , suggesting that a similar multi-component silencing suppression strategy might be employed by this virus in this pathosystem [80] . Further analyses of the local suppressors have identified p20 and p22 of PMWaV-2 to be determinants of pathogenicity factors or virulence factors. Many viral encoded proteins that were initially identified as determinants of pathogenicity or virulence factors were later identified as suppressors of RNA silencing [81, 82] . In comparison, screening the PMWaV-1 genome showed only one protein, p61, with systemic silencing-suppressor activity [80] (Figure 7) . activity, further supports our hypothesis that viruses encoding only weak systemic silencing suppressors might be favored in persistent infections that do not lead to plant death.
The identification of suppressors of RNA silencing in the genomes of PMWaV-1 and PMWaV-2 could be further explored to gain deeper insights into the role of viral gene products in mealybug wilt of pineapple. One promising technique which enables direct testing of the role of viral gene products in the host, is by creating an artificial clone of the virus, also known as an infectious clone. By systematically knocking out targeted viral genes, it would make it possible to reveal their functions in the host plant. To confirm the involvement of the identified suppressors and pathogenicity factors in MWP, development of an infectious clone of PMWaV-2 has been initiated [80, 83] . This research might eventually pin-point the role of PMWaV in the complex etiology of MWP. 
Badnaviruses Infecting Pineapple
Badnaviruses
Badnavirus-like particles have often been observed in purified preparations of pineapple in Hawaii [35] and Australia [64] , and more recently in Cuba [84] . Badnaviruses are reverse-transcribing viruses belonging to the family of Caulimoviridae. They are non-enveloped, bacilliform-shaped virions approximately 30 nm wide and 120 to 150 nm long [85] . Their genomes are approximately 7 to 9 kilobases [86] circular, noncovalently closed, double-stranded DNAs that encode at least three ORFs. Of the eight genera (Badnavirus, Caulimovirus, Cavemovirus, Petuvirus, Rosadnavirus, Solendovirus, Soymovirus, and Tungrovirus) [87] , the badnavirus is the most important genera due to many cultivated plants being infected by it. Most of such plants are perennial in nature and propagated vegetatively. This might explain the large number of such badnaviruses being discovered in those plants. There are 40 badnavirus species currently being recognized by the International Committee on Taxomomy of Viruses (https://talk.ictvonline.org/taxonomy/). One particular importance is their ability to integrate in their host genomes [88, 89] for which they are referred to as endogeneous pararetrovirus (EPRVs). The integration is believed to be due to illegitimate recombination with the host genome. Some of them also have the ability to "excise" from their host genome and exist as an independent entity, thereby being capable of systemic infection (episomal forms); [90] . In some cases, The fact that PMWaV-2 is involved in MWP symptom induction, but not PMWaV-1 in the etiology of MWP [36] might be due to the local suppressor and pathogenicity factors identified in PMWaV-2 that are absent in PMWaV-1. The different silencing suppressors present in the genomes of PMWaV-2 and PMWaV-1 might also explain how viruses of perennial crops such as pineapple are susceptible to persistent viral infections that are not lethal to the host, whereas many viruses that encode strong suppressors and infect herbaceous hosts are often lethal. The absence of any local suppressor activity in PMWaV-1, which only encodes a single protein with systemic suppressor activity, further supports our hypothesis that viruses encoding only weak systemic silencing suppressors might be favored in persistent infections that do not lead to plant death.
The identification of suppressors of RNA silencing in the genomes of PMWaV-1 and PMWaV-2 could be further explored to gain deeper insights into the role of viral gene products in mealybug wilt of pineapple. One promising technique which enables direct testing of the role of viral gene products in the host, is by creating an artificial clone of the virus, also known as an infectious clone. By systematically knocking out targeted viral genes, it would make it possible to reveal their functions in the host plant. To confirm the involvement of the identified suppressors and pathogenicity factors in MWP, development of an infectious clone of PMWaV-2 has been initiated [80, 83] . This research might eventually pin-point the role of PMWaV in the complex etiology of MWP.
Badnaviruses Infecting Pineapple
Badnaviruses
Badnavirus-like particles have often been observed in purified preparations of pineapple in Hawaii [35] and Australia [64] , and more recently in Cuba [84] . Badnaviruses are reverse-transcribing viruses belonging to the family of Caulimoviridae. They are non-enveloped, bacilliform-shaped virions approximately 30 nm wide and 120 to 150 nm long [85] . Their genomes are approximately 7 to 9 kilobases [86] circular, noncovalently closed, double-stranded DNAs that encode at least three ORFs. Of the eight genera (Badnavirus, Caulimovirus, Cavemovirus, Petuvirus, Rosadnavirus, Solendovirus, Soymovirus, and Tungrovirus) [87] , the badnavirus is the most important genera due to many cultivated plants being infected by it. Most of such plants are perennial in nature and propagated vegetatively. This might explain the large number of such badnaviruses being discovered in those plants. There are 40 badnavirus species currently being recognized by the International Committee on Taxomomy of Viruses (https://talk.ictvonline.org/taxonomy/). One particular importance is their ability to integrate in their host genomes [88, 89] for which they are referred to as endogeneous pararetrovirus (EPRVs). The integration is believed to be due to illegitimate recombination with the host genome. Some of them also have the ability to "excise" from their host genome and exist as an independent entity, thereby being capable of systemic infection (episomal forms); [90] . In some cases, abiotic stress, such as temperature fluctuations, nutrient scarcity, or tissue culture manipulations, were known to trigger the virus to cause infection [91] . Many integrated sequences have been shown to have a relatively high degree of sequence identity to several non-integrative viruses in the Caulimoviridae family [85, 92, 93] . These include the Banana streak virus [92, 94, 95] , and Rice tungro virus. Badnaviruses and Ampeloviruses are transmitted by insects. The Banana streak virus (BSV), Cocoa swollen shoot virus (CSSV), Kalanchoë top-spotting virus (KTSV), Schefflera ringspot virus (SRV), Canna yellow mottle virus (CaYMV), Piper yellow mottle virus (PYMV), and Sugarcane bacilliform virus (SCBV) are transmitted by mealybugs. Aside from insect vector transmission, BSV is also transmitted through seeds [96] , but because endogenous BSV sequences occur in the nuclear genome of most cultivars [91] , seed transmission is difficult to show. Some of the economically important badaviruses are the Banana streak virus (BSV) [97, 98] , Cacao swollen shoot virus (CSSV) [99] , Canna yellow mottle virus (CaYMV) [100] , Dioscorea bacilliform AL virus (DBV) [101, 102] , Kalanchoe top-spotting virus (KTSV) [103] , Piper yellow mottle virus (PYMV) [104] , Schefflera ringspot virus (SRV) [105] , Sugarcane bacilliform virus (SCBV) [100] , and Citrus yellow mosaic virus (CYMV) [106] .
Synergism of Badnaviruses
Several reports have demonstrated a synergism between badnaviruses and other unrelated viruses in co-infections in plants, which may result in severe symptom development. For example, rice tungro disease results from synergism between the badnavirus-like Rice tungro bacilliform virus and an unrelated spherical virus [107] . Although no clear association between badnavirus infection and symptoms in pineapple have been observed [108] , the synergism displayed by badnaviruses with other unrelated viruses in various crops raises concerns that the badnavirus in pineapple may have a synergistic effect with the PMWaVs in MWP symptom development.
Pineapple Bacilliform Viruses
Virions of Pineapple bacilliform virus (PBV), a tentative badnavirus species, were first detected in pineapples by Walkman et al. in 1995 [60] by viewing them directly under a transmission electron microscope (TEM). In 1996, Thomson et al. [109] described a badnavirus-like sequence (PBV) in pineapples. This sequence was later also detected by PCR in a large-scale field survey. Based upon sequencing of this virus, a degenerate PCR assay was developed for use together with immune-capture PCR in other large-scale surveys studying the diversity of badnaviruses in pineapples grown in Australia [53] . In that study, two new badnaviruses, the Pineapple bacilliform comosus virus (PBCoV) and Pineapple bacilliform erectifolius virus (PBErV), and an endogenous badnavirus, Endogenous pineapple pararetrovirus-1 (ePPPV-1), and a retrotransposon, Ananas metavirus (AMtV), which was previously identified as pineapple badnavirus (PBV) [64] were identified. In a more recent survey done on Hawaiian pineapples by Sether [110] in 2012, similar diversity of pineapple badnaviruses was found. Pineapple badnavirus, designated as Pineapple bacilliform comosus virus -HI1 (PBCoV-HI1) along with nine genomic variants of this virus (A through H) were identified. Sequence comparisons for the RT and RNaseH regions of PBCoV-HI1 showed high nucleotide identity (98%) with PBCoV from China [111] and a partial sequence of pineapple badnavirus characterized from Australia. This suggests that these viruses may be strains or variants of a single species. However, at the amino acid level, the identities for ORF1, ORF2, and ORF3 were only 47% to 80%. Please refer to https://talk.ictvonline.org/ taxonomy/ for more updated and complete information about the recent classification of badnaviruses.
These studies also looked at the mealybug transmissibility of badnaviruses and their possible role in MWP. Gambley [108] examined the transmissibility of Australian PBCoV and PBErV by pink pineapple mealybugs (D. brevipes) and the citrus mealybug (Planococcus citri) and found a 20% transmission rate of PBCoV (by D. brevipes) and a 10% transmission rate by P. citri. No transmission of PBErV by either of these mealybug species was detected. All the test plants remained symptomless throughout the study period. In work carried out in Hawaii, Sether [110] found the transmission of PMCoV-HI1 and PMCoV-HI1 variant A by grey pineapple mealybugs (D. neobrevipes) both to be 80%.
In a more recent survey for PMWaVs and badnaviruses in commercially-grown pineapple hybrids which were recently imported into Hawaii, and 131 pineapple accessions maintained at the USDA-ARS germplasm repository in Hilo, Hi, Subere [112] found four badnavirus-like sequences that were tentatively grouped into four clades (A, B, C, and D), occurring in mixed infections with PMWaV-1, -2, -3, or 4, using reverse-transcription PCR assays with degenerate and specific primers [112] . Badnavirus-like particles were also confirmed by electron microscopy in the same study. Based on the widespread occurrence seen in these surveys, and no clear correlation of their presence with MWP symptoms, it is now believed that these badnaviruses are not the primary cause of MWD [35, 112] . However, considering the synergistic relationships that many badnaviruses have with various unrelated viruses, and the finding that PMWaV-2 alone does not have an unequivocal role in the etiology of MWP, further research into this relationship needs to be conducted.
Control of MWP
The realization that ants play a key role in protecting mealybugs led to the aim of reducing ant populations to control the spread of mealybugs early on in the history of MWP. Various cultural practices, such as the removal of old pineapple stumps, destroying wilt-infected plants and pineapples after the first ratoon harvest, and initiating fallow periods, have all been found to be effective for the integrated management of MWP. The quickest control of ant and mealybug populations is by chemical means; treatment of planting materials by insecticide dips was found to be effective for the pre-planting control of mealybugs. Spray applications of systemic insecticides, such as Diazinon ® and other contact insecticides are very effective in killing mealybugs, but because mealybugs live within the crowns and blossom cups of plants, they are often missed by such sprays [24] . Moreover, spray applications need to ensure that the entire field is sprayed, leaving no refuge available for the mealybugs. Insecticidal baits are the most common and effective way to control ants in pineapple fields [113] . One of the most promising baits based upon extensive field trials are Amdro ® and other insect-growth regulators [8, 32, 33] .
Because of environmental concerns, insecticidal formulations are coming under heavy regulation, and more emphasis is being placed on natural solutions, such as biological control for mealybugs. Biological controls for the pink and grey pineapple mealybug were sought in Central America, the center of the origin of pineapple [25] . Several potential natural enemies have been introduced into Hawaii [14] , including Lobodiplosis pseudococci Felt (Diptera: Cecidomyiidae), Nephus bilucernarius Mulsant (Coleoptera: Coccinellidae), and Anagyrus ananatis Gahan (Hymenoptera: Encyridae), but none have provided sufficient control of mealybugs when ants are present [8, 14] . The search for natural enemies of ants has primarily focused on the control of Solenopsis spp. [114] . Fungal and bacterial pathogens of ants are rare because of the antibiotic exocrine secretions that ants produce.
The direct introduction of transgenes into plants is an effective tool that can be used to modify undesirable traits or introduce new traits into plants, especially in cases where conventional breeding is not possible for several reasons. For example, the pineapple cultivar "Smooth Cayenne", which is very susceptible to mealybug wilt [13] , is not amenable to conventional breeding due to sterility problems [115] . Genetic transformation has been used to produce transgenic pineapple plants with putative resistance to MWP, using various gene constructs which employ RNA-mediated resistance technology [116] . The coat protein (CP) gene of PMWaV-2 was constructed as an inverted-repeat in the pCAMBIA 1300 vector, and used to produce transgenic pineapple plants using particle bombardment and Agrobacterium-mediated transformation approaches. Several lines of putatively transgenic pineapple plants resistant to PMWaV-2 were produced. These plants remained resistant to PMWaV-2 infection after multiple challenges with viruliferous mealybugs, but the transformed lines eventually became infected with PMWaV [65] . Although no further attempts have been undertaken to make transgenic pineapple plants with resistance to MWP, the recent development of a transgenic "Smooth Cayenne" pineapple engineered for resistance to Black Heart using an RNA-silencing approach [116] could encourage researchers to revisit transgenic work designed to produce plants with MWP resistance.
Conclusions and Future Perspectives
Previous studies have shown a positive correlation between the induction of MWP symptoms with mealybug feeding and PMWaV-2 infection in "Smooth Cayenne" cultivars in Hawaii. Similar correlations have also been shown for some hybrid plants with either single PMWaV-2 infections or combinations of PMWaV-1 or PMWaV-3 with PMWaV-2. However, this trend was not observed in surveys carried out in Australia where MWP was not consistently associated with PMWaV-1, PMWaV-2, PMWaV-3, or PMWaV-5 infections. MWP symptoms were found to vary between hybrids and "Smooth Cayenne" cultivars, whose reddening of leaves could be due to their higher anthocyanin content.
Observations that MWP was present on plants without a PMWaV-2 infection but also in association with other PMWaV variants raises the possibility that other PMWaV-2-like viruses may also be present. Moreover, the detection of badnaviruses in mixed infections with PMWaVs calls for a deeper investigation of the roles of such viruses. With the large-scale planting of hybrid varieties throughout the world replacing the traditional "Smooth Cayenne" variety, there is a shift in the dynamics of the host pathogen interactions. Things like how the nature of the badnaviruses are known to infect and cause damage in important tropical crops, the integration of badnavirus sequences into some host plant genomes, the synergistic relationships of many badnaviruses with other viruses, and badnavirus transmissibility by mealybugs, indicate and justify the need to further investigate this plant virus group.
The complexity of the disease etiology of MWP suggests commonalities with grapevine viruses, and novel techniques used in these studies may be applicable in the study of MWP. For example, in the decline of Syrah, grapevines can remain asymptomatic or only show mild symptoms. Results from high-throughput sequencing associated with Syrah decline [70] revealed mixed infections of grapevine with three RNA viruses already known to be associated with Syrah decline, but also other species at very low titers, including a viroid identified as an Australian grapevine viroid. Moreover, it has been reported that diseases of grapevine could be due to the modified interactions of multiple viruses that, individually, may be benign. In such mixed infections, the Rupestris stem pitting-associated virus (RSPaV) [117] has been linked with declining symptoms of Syrah vines from California and France. Interestingly, RSPaV may be asymptomatic when present singly in grapevines. This situation is analogous to MWP with an association of PMWaV-2 with mealybug in the disease etiology in Hawaii, while in Australia, symptom induction was rarely found to be associated with PMWaV-2, but more often associated with PMWaV-1 and PMWaV-3. The presence of other undetected Ampeloviruses still yet to be found cannot be dismissed, even though the present serological and molecular detection techniques have been unsuccessful.
The association of badnaviruses with pineapple and the possibility of other unidentified agents associated with MWP still yet to be found can be addressed by looking at signature molecules called short interfering RNAs (siRNA). Plants generate virus-specific siRNAs as a defense against RNA viruses and some DNA viruses [118] . Although they are only 20 to 24 nucleotides in length, these siRNAs have been used to reconstruct entire genomes of viruses from infected plants [119] . In the case of MWP, deep-sequencing of siRNAs from plants which do not show a strong correlation with PMWaV-2 with wilting symptoms might help to pinpoint the agents responsible for disease, since siRNAs will be produced by the host pineapple plants in response to any viruses, identified or unidentified. Another advantage of this approach would be the deep-sequencing of the vector mealybug, and allowing us to look for any insect virus responsible for MWP together with PMWaVs in mealybugs. Similar research has also been done with whiteflies (Bemesia tabaci) which vector many plant viruses [119] . 
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